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Abstract
Since the electrical machine design is a complex task it can be divided into sub-problems, e.g. preliminary and final design processes 
and checking of the final design. This paper deals with the preliminary design process, which provides the key-design parameters 
of the electrical machine. Traditionally, these electrical machine models in preliminary design phase neglect or use oversimplified 
insulation system models and the tap changing selection is not involved during the calculation of key-design parameters. The aim 
of this study is to assess the effect of the insulation distance minimization and tap-changing on the key design parameters of a cost-
optimized large power transformer. For this purpose, the paper shows some examples, where the cost optimal design — in contrast 
to the classical insulation design rule — contains larger insulation distances than the possible minimum values. The effect of tap-
changing methods are also investigated. These cost optimization made by a verified, metaheuristic method-based transformer 
optimization algorithm. The results show involving the insulation design and tap-changing selection into the preliminary design 
process can provide more economical designs.
Keywords
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1 Introduction
The intense competition on the electrical equipment market 
makes the manufacturers reduce production costs. Since the 
material cost is the major cost component of electrical 
machines, there is an essential need to decrease the mate-
rial usage in the final construction. Nevertheless, decreas-
ing the mass of materials (iron-core, copper and insulating 
materials) is a complex design problem, every step forward 
results in elevated operation stresses, e.g., decreasing of 
the volume of iron core or winding increases the magnetic 
induction and current density, respectively. Increased mag-
netic induction or current density generates higher loss, 
which increases the operation temperature of the active 
parts. Higher temperature fosters the degradation of equip-
ment resulting in shorter lifetime [1–4]. Since, the power 
transformers are not mass produced items, they are manu-
factured by custom design accordingly the design process 
is a labor intensive task. In tendering, the price calculation 
cannot be based a final, detailed design of a transformer. 
Therefore, their complex design task is usually treated 
as three sub-problems: the preliminary and final design 
processes and checking of the final design.
All these stages have well determined role in the whole 
design process. The purpose of the preliminary design 
(or pre-conception) stage to determine the key-design 
parameters, i.e. the most characteristic parameters of 
the transformer.
In this stage, the factors, which have greatest influ-
ence on the dimensions of the active part are consid-
ered. Since the output of these active part models [3–11] 
contains enough information to estimate and compare 
the final price of potential transformers. This stage plays 
a very important role in the whole design process because 
based on these output parameters, the tender price is 
also calculated. After successful tendering, the final 
design is worked out in details. After both design stages, 
the final design is checked by an independent designer. 
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With increasing competition, the tenders have to be sub-
mitted in a short period of time hence the speed of compet-
itive but profitable tender price calculation is the key issue. 
This emphasizes the importance of the preliminary design 
stage. Due to numerous mechanical, thermal and electrical 
constraints, the determination of the cost-optimal key-de-
sign parameters belong to the most general non-linear 
mathematical optimization problems and several solution 
methods have been published in the literature [5]. In clas-
sical design approach of transformers, the insulation sys-
tem, winding arrangement and tap changing are designed 
in the final design phase hence they effect on the tender 
price is necessarily neglected.
This paper introduces the complexity and non-linearity 
effect of involving the insulation and tap changing design 
in the preliminary design phase. For this purpose, the cost 
optimal design of a core-type large power transformer has 
been examined by a newly developed meta-heuristic algo-
rithm worked out by the authors [10]. The accuracy of 
this algorithm is verified by FEM [10, 11] and in the last 
years, a user-friendly version of this code has been started 
to use in the industry. In Section 2, the calculation method 
is introduced. Then the non-linearity effect of insulation gap 
distance, winding arrangement and tap charging method is 
examined and the results are evaluated.
2 Method of comparison
2.1 Total Cost of the Ownership
The objective of the following optimization is the lifetime, 
i.e. Total Cost of the Ownership (TCO) [12]. This quantity 
contains not only the manufacturing cost of the transformer 
but also the cost of the operation during the transform-
er's lifetime. The manufacturing costs and the key-design 
parameters of the transformer are calculated for active 
part of the transformer, because its dimensions determine 
the total cost of the equipment adequately. The TCO of 
the transformer is determined in the following way:
TCO = + +
=
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k
n
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0
,  (1)
where the TCO is calculated in €. Symbols K1 and K2 rep-
resent the capitalization factors for the no-load loss and 
load losses in €/kW units. Quantities PNll and Pll mean 
the sum of the load and the no-load losses in kW units, 
which is generated in the active parts of the transformer, 
Ck represents the specific cost of an active part element 
in €/kg, while Mk is the mass of the kth element of the core 
or the winding system in kg.
2.2 Transformer model
The geometrical and electrical properties of transformer 
are modelled by the key-design parameters (Table 1). 
This pre-concept model contains a lot of simplifications, 
e.g. the windings and cross section of the core are repre-
sented by their boundary and their copper or core filling 
factor. These assumptions are widely accepted in indus-
try, they estimate the copper and core losses with the 
required accuracy and significantly simplify the multifar-
ious possible core and winding layouts. This preliminary 
design transformer model defines the outer boundary of 
the main elements of the active parts, which is enough 
for the cost calculation and preposition. Knowledge of 
these key-design parameters accelerates the engineer's 
work and the detailed design parameters can be deter-
mined easily, using the standard practices (Fig. 1).
2.3 Metaheuristic search
In this paper, a geometric programming based on the 
metaheuristic algorithm [10, 13–15] has been used to solve 
the mathematical model of this preliminary design cost 
optimization problem. The motivation to make a geo-
metric programming-based solver for this transformer 
optimization design problem is twofold. Firstly, the 
Table 1 The optimized key-design parameters of the applied 
preliminary design transformer model
Physical quantity Dimension Variable
Core diameter mm Dcore
Flux density in the core T B
Main insulation distance mm g
Current density
inner A/mm2 jin
outer A/mm2 jou
Regulating A/mm2 jreg
Winding height inner mm hin
Load loss kW Pll
No-load loss kW PNll
Width of the working 
window
mm s
Core Mass t Mcore
Tank length mm L
Tank width mm W
Tank height mm H
Winding Thickness
inner mm tin
outer mm tou
Regulating mm treg
Mean radius
inner mm rin
outer mm rou
Regulating mm rreg
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modern interior-point based GP solvers are fast and robust. 
Secondly, the mathematical modelling rules of the geo-
metric programming guarantee that the obtained solution 
is the global optimum [16, 17]. Nonetheless, the formal-
ism of this branch of nonlinear mathematical optimization 
methods is quite restrictive. The expressions of the equal-
ity and inequality constraints have to be formulated in a 
special mathematical formulae called monomials (Eq. (2)) 
and posynomials (Eq. (3)):
m x c x x xg nk k nk( ) = …1 21 2
α α α
,  (2)
p x c x x xk n
k
k k nk( ) = …∑ 1 21 2α α α ,  (3)
where ck > 0, the α parameters are real numbers and the val-
ues of the x variables have to be positive. The cost opti-
mization problem of a shell-type power transformer can 
be formulated in the required special form of the geomet-
ric programming [18]. However, this branch of mathemat-
ical optimization methods cannot been used in the case of 
core-type power transformers, where a strict requirement 
is prescribed for the short circuit impedance [10, 14].
In case of core-type power transformers the short-cir-
cuit impedance is defined by the following formula:
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where the SCI is given in %, UT means the turn voltage 
and Pwl is the built-in power in a wounded limb. In this 
type of transformer core it holds that Pwl = Pphase , where 
Pphase is the phase power of the transformer, Rin and the Rou 
are the mean radiuses of the inner and the outer windings, 
while tin and the tou are the radial thickness of these, main 
windings. Finally, Rm is the mean radius of the main gap of 
the transformer, which thickness is represented by g.
As it can be seen from Eq. (4) and Table 1, these for-
mulae are not monomial (Eq. (2)) expressions of the vari-
ables as required. In this case, a lower and an upper bound 
can be defined for Eq. (4). However, as shown in [10, 14], 
a lower limit cannot been formulated in the posynomial 
format. As it can be seen in Fig. 2, the application of 
this lower limit is essential in the practical cases. Fig. 2 
depicts the dependence of the transformer's TOC from the 
prescribed value of the short-circuit impedance. It can be 
seen from this practical example that the TOC has an opti-
mal value as a function of SCI, which usually lower than 
defined by the standard or required by the customer. 
Therefore, the upper limit does not tighten the search 
space in most practical cases.
To solve this problem, the model based on geomet-
ric programming was combined with Branch and Bound 
search (BB) [13]. The BB executes a binary search 
in sense that the solution space is divided into several 
subspaces, which can be described by appropriate con-
vex terms [13, 14]. The BB can produce large number of 
sub-cases, but the BB is usually quite efficient in practice 
because it employs advanced techniques to remove certain 
parts of the search tree before evaluation. The correctness 
of the provided solution is verified by a FEM [13]. To proof 
the performance and the accuracy of the metaheuristic 
search – viz. the algorithm finds the key-design parame-
ters, which are related to the global optimum – is compared 
by iterative and evolutionary optimization method-based 
algorithms [11]. The general solution for core-type power 
transformers are deeply described in [10].
Fig. 1 Three steps of classical transformer design [1, 2]
Fig. 2 The function of the minimal TOC value at different SCI values 
in the case of a 50 MVA power transformer
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3 Nonlinearities in transformer design
3.1 Minimizing the insulation distances
The insulation design, despite its importance, inevitably 
plays a minor role in this process. Usually the insulation of 
a power transformer is designed in the final design phase. 
The insulation system of the power transformer is designed 
with a given safety factor i.e. the ration of maximum 
permissible field strength of the insulating material and 
the electric field strength in operation [19]. This safety fac-
tor is usually determined by the simplified economic opti-
mization of manufacturing costs and failure costs (Fig. 3). 
This approach — appeared couple of decades ago [20] — 
suggests the minimum value of the failures and manufac-
turing costs provide the optimal insulation distance.
There is a lot of interest in the electrical machine 
industry to find lower insulation distances to decrease 
the volume of insulation and the whole equipment to 
reduce the material costs and achieve a more competitive 
design [21–23].
The aim of this example to demonstrate that — in con-
trast to this classical insulation design approach — 
the minimization of the insulation volume does not lead 
to the cheapest transformer design in every case.
In this example 7.5 MVA power transformer with 
13.8 kV / 4.16 kV voltage ratio is selected. The network 
frequency is 60 Hz, the required short circuit-imped-
ance is 5.5 %. The parameters are selected according 
to the requirement of the North American market [24]. 
The TOC is calculated in two different cases by the 
following capitalization factors: K1 = 8000 €/kW and 
K
2
 = 2000 €/kW. The results of the optimization are illus-
trated in the Fig. 4. The optimization has been made in two 
different ways, in the second case the optimization algo-
rithm searched the minimum of the TOC by the minimum 
value of the main gap. As it can be seen from the results, 
in this case the algorithm has found the optimal design 
with an increased main gap distance. The two results are 
very close to each other, the difference between the two 
different TOC is about 2 %, but the difference between 
the shape of the two designs is significant. Moreover 
contrasting to the classical insulation design approach, 
transformer having higher gap distance has lower TOC 
value. This result suggests the insulation design has to be 
involved in the preliminary design phase.
Fig. 3 The classical insulation design rule assumes the manufacturing 
cost of an electrical machine is proportional to insulation volume, while 
the failure rate (costs of failure) decreases. Hence, the economically 
optimal insulation system can be found near the minimum of the 
resultant function of the manufacturing and failure costs. [4,19, 20]
Fig. 4 Results of the optimization of 7.5 MVA transformer without fixing main gap distance and with fixed main gap distance
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3.2 Winding order
Most of the modern regulated power transformer's wind-
ing systems contain physically three separate windings 
per phase: Low Voltage (LV), High Voltage (HV) and 
Regulating (Reg) winding. The Regulating winding is not 
an electrically independent winding system, because it is 
connected to the same electrical circuit as the regulated 
winding. In the European grid the regulated winding is 
usually the HV. In accordance with the classical insulation 
design principles, the winding order in a core-type power 
transformer is designed in the following way [3, 25]:
• The main windings are placed closer to the core 
and the Regulating winding is placed behind them 
to minimize the total mass of the winding system.
• The sum of the insulation distances between the 
main windings is minimal, if the Low Voltage is 
placed behind the core, which is in the ground poten-
tial, then the High Voltage winding is placed behind 
the Low Voltage.
It is generally known from the engineering practice 
that this winding order usually does not result in the 
cost optimal solution in case of autotransformer design. 
Therefore, the design of the autotransformer insulation 
system is handled as a different principle in the industry. 
As demonstrated in the introduction of the metaheuris-
tic algorithm, the optimal value of a short circuit imped-
ance is much lower than the required value. Thus, the SCI 
impedance requirement increases the TOC and modifies 
the geometrical parameters of the working window and 
the insulation system. The required SCI parameter is cho-
sen according to the value of the nominal power. In case 
of autotransformers, the ratio of the built-in power and 
the nominal power is lower than one, about 0.5. Therefore, 
the difference between the required and optimal ratios of 
the SCI in the case of autotransformers is higher than that 
of the normal power transformers. The following exam-
ple shows how this overrated SCI requirement can lead 
to this different design principle (Fig. 5). This non-linear-
ity effect is shown on a 200 MVA autotransformer.
The technical and economic parameters are the same as 
used in [9] for the validation of the metaheuristic algorithm. 
The purpose of this paper is to examine the dependence of 
TOC on SCI for the different winding layouts. Therefore, 
the required SCI parameter varies from 5.5 % to 13.5 %. 
Fig. 6 shows the dependence of the optimal TOC on SCI. 
It can be seen from Fig. 6 that the LV-HV-Reg layout yields 
the cheapest design, till 11 %. Then the metaheuristic algo-
rithm finds the optimal TOC values with increased main gap 
distance, till SCI is lower than 11.5 %. Here, the (LV-HV-
Reg) optimal main gap distance value is nearly equal to 2x 
main gap minimum plus the thickness of the Regulating 
winding. This is nothing else than the main gap thickness 
in the LV-Reg-HV case at the nominal tapping. From this 
point, the LV-Reg-HV layout yields the cost optimal solu-
tion for higher SCI requirements.
Fig. 5 The optimal value of the cost function and mass of the active parts are represented for three examined winding layouts. The value of 
the required short circuit impedance parameter is 13.5 % in all depicted cases
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Therefore, the original SCI requirement is brought out 
by this layout instead of the LV-HV-Reg layout, which 
comes from the classical insulation volume minimization 
assumptions.
3.3 Regulation type
Generally, the turn-ratio of a modern large power trans-
former can be varied in a specific range. Hence, the low or 
the High Voltage terminals are equipped with some extra 
turns that may be added to, or subtracted from the elec-
tric circuit [15, 26]. Different techniques have been used 
in the industry to vary the voltage of the tapped winding 
and, thereby, reactive power in the grid. This paper deals 
with the case when the High Voltage winding is regulated 
and examines the impact of the reversing and coarse-
fine arrangements on the TOC of the cost optimal design 
through the short-circuit impedance requirement [15]. 
For the sake of simplicity the following two-winding 
arrangement is considered, which is illustrated in Fig. 7. 
It is important to note that the applied cost optimiza-
tion model neglects the cooling costs, thus it ensures that 
the cooling aspects have no effect on the results.
The main advantage of the reversing arrangement 
is that the total number of the available positions is two 
times higher than the number of sections in the tapped 
winding plus one. Therefore, only one regulation winding 
is enough to realize the required tapping range. The fol-
lowing example deals with the widely used case, when 
the rated tapping position is the mid one. In this state, 
the whole tapped winding is de-energized. The main dis-
advantage of this regulation is that all the turns are active 
in the minimum voltage tapping, thus the cooling costs of 
the transformer are increased.
The coarse fine arrangement can be defined as a two-
stage linear regulation, where the whole coarse wind-
ing is active in the mid-tapping position. Generally, this 
coarse section contains as many turns as the fine wind-
ing plus one section [15, 26, 27]. The coarse stage can be 
turned on or off by a change-over selector (denoted as (C) 
in Fig. 8). The fine regulation is achieved by a selector 
switch (denoted by (F) in Fig. 8). The main benefit of this 
arrangement is that the coarse and the fine Regulating 
windings are inactive in the minimum tapping, and there-
fore, the cooling costs are smaller in this case than in case 
of the reversing arrangement [26, 27].
The following example deals with a 120 kV / 20 kV, 63 MVA 
power transformer. The complete details of the examined 
transformer are presented in [15]. Typical values have been 
selected for the capitalization factors from [28]. The load 
loss capitalization cost in the examined case is 3533 €/kW 
and the core loss capitalization is 7066 €/kW. The insulation 
distances were chosen by the widely used a priori empirical 
rules [3, 23, 27, 29, 30]. These insulation distance selection 
Fig. 6 The dependence of TOC on SCI requirement in three examined 
winding layouts and value of optimal main gap distance in case of 
the LV-HV-Reg layout
Fig. 7 Typical winding arrangement and electrical connection scheme 
for reversing and coarse-fine regulations. Below these pictures, 
excitation diagram shows the difference between magnetic energy 
in normal tapping positions
Fig. 8 Dependence of relative TOC on SCI in case of two different 
regulation types
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